A dilution method using MnO2 for the manganese nodule standard, JMn1, has been newly adopted to obtain accurate calibration lines. Moreover, an internal standard correction method was applied to correct changes in the sample introduction efficiency for the prime purpose of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis. Using the dilution method and the correction method, good calibration lines were successfully obtained for 13 elements. The methods were also applied to the analysis of ferromanganese nodules. The results were in accordance with those obtained by ICP-MS, which requires chemical treatments of samples. The results are encouraging, and imply a high potential of LA-ICP-MS for the analysis of trace elements in ferromanganese nodules.
Introduction
Ferromanganese sediment, such as ferromanganese nodules, is one of the most significant authigenic sediment components in the ocean. A cross section of the surface shows characteristic structures similar to annual rings. A chemical characteristic of ferromanganese sediment is that trace elements, such as rare-earth elements, which are enriched in seawater, are concentrated on the surface of ferromanganese nodules, 1 and are seen as annual rings. It is expected that the ring structure contains significant information on the history of ocean environments, since the growth rate has been estimated to be ~50 mm/10 6 years. 2 The distribution of elements in ferromanganese sediment has been studied to track changes in ocean environments. 3, 4 The sensitivities of an electron probe micro analyzer (EPMA) and a scanning electron microscope with energy-dispersive X-ray spectroscopy (SEM-EDX), generally used for the high-spatial-resolution analysis of solid samples, are not sufficiently high to analyze trace elements. Thus, high-spatialresolution analysis has been restricted to major elements, such as Si, Mn, and Fe. Furthermore, ferromanganese sediment absorbs H2O in its structure, and the evaporated H2O interferes with the high vacuum in the above mentioned instruments. Therefore, to examine ferromanganese sediment using an EPMA and by SEM-EDX, the sample must be dried as a pretreatment. This procedure may change the structure and the elemental distributions.
The application of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) to the study of ferromanganese sediment has been investigated to examine the distribution of elements, including trace elements. [5] [6] [7] [8] LA-ICP-MS is considered to be a new method for high-spatial-resolution analysis, since it exhibits the sufficiently high sensitivity required to analyze trace elements, particularly rare-earth elements. Also, samples may be measured under atmospheric pressure by LA-ICP-MS, which enables us to analyze ferromanganese samples without a drying procedure. Therefore, LA-ICP-MS may be a powerful method for obtaining information on the distribution of elements in ferromanganese samples.
The main drawback of analysis by the LA-ICP-MS method is the random variance of the sample introduction efficiency by laser ablation with the physical or chemical condition of the samples, such as their color, hardness, and content. Therefore, standards for calibration must be prepared according to the features of the objective samples. The main problems of LA-ICP-MS that should be resolved are as follows: 9, 10 1) low reproducibility of the ablation efficiency owing to changes in the components of the matrix in samples, 2) mass fractionation of the features of objective elements of analysis subjects, 11 3) change in the sample aerosol in the transport process from ablation to ICP.
Because of these problems, calibration and correction methods for the determination of an objective sample have been studied, such as the standard-addition method and standardization method. [12] [13] [14] [15] [16] The sample introduction rate may not be constant for each sample, even though the same types of sample are measured. The surface of a ferromanganese sample is rough at the micro scale, which could cause a change in the sample-introduction rate, owing to defocusing of the laser ablation. This difficulty seriously affects the accuracy of the concentration values. In this study, an accurate method for determining the concentration of trace elements in ferromanganese nodules by LA-ICP-MS was explored.
In previous studies on the analysis of ferromanganese nodules by LA-ICP-MS, a reference material (RM) or a certified reference material (CRM) was used as a ferromanganese sample to prepare standards for calibration. [5] [6] [7] [8] 12 In this study, a sample dilution method was developed to obtain accurate calibration lines. When a sample is introduced by a laser, the amount introduced is not always constant during a single measurement and at each measurement. Furthermore, an internal standard correction was performed to correct changes in the sample-introduction rate during each measurement. Using the above methods, an unknown sample was analyzed by LA-ICP-MS, and the concentration values were compared with those obtained by ICP-MS, a standard accepted method.
Experimental

Instrumentation
A UP213 LA system (NEW WAVE Co.) was coupled to an ICP-MS ELEMENT XR (Thermo Fisher Sci. Co.). Isotopes of 15 elements were measured by LA-ICP-MS, including a few rare-earth elements; elements with low and high masses were also selected. The conditions for LA-ICP-MS as well as the measured isotopes are listed in Table 1 . A fluence of 1.01 -1.06 J/cm 2 was specified for the laser ablation used in this study. Finally, to simulate a change in the ablation efficiency, a fluence of 0.30 J/cm 2 was also used for several standards. Moreover, the correction with the internal standard was examined.
Sample preparation and standards
JMn1, which is employed as a geological reference material of ferromanganese nodules, and high-purity manganese dioxide (MnO2) powder (99.5%, Wako Chemical Co.) were used for the preparation of standards for calibration. JMn1 and MnO2 were dried at 110 C in an oven to achieve the correct dilution of JMn1. JMn1 and MnO2 with JMn1 weight ratios of 0, 25, 50, 75, and 100% were carefully mixed with an agate mortar and pestle. These samples were hand-pressed into f5 mm pellets to obtain, as far as possible, the same hardness as manganese nodules. This preparation method enabled us to obtain standards with five concentrations for calibration purposes.
As an unknown sample, a ferromanganese nodule was provided from Japan Oil, Gas and Metals National Corp. (JOGMEC). This nodule was collected near Hawaii in the Pacific Ocean (approximately 10 10'N, 147 00'W, JOGMEC).
To obtain a powder sample of the ferromanganese nodule, the nodule was cut across the center using a cutting blade, and the powder was collected. The surface of the manganese nodule was ascertained to be free from contaminants from the cutting blade by a CCD camera before laser ablation. A portion of the powder was made into a pellet by the same procedure, but without drying the powder. The pellet and powder of the manganese nodule found near Hawaii are referred to as "Hawaii sample" in this paper. The Hawaii sample was dissolved with HF, HCl and HNO3 (Ultrapure grade, Kanto Chemical Co.) to be measured by ICP-MS.
Results and Discussion
Calibration lines
Isotopes of 15 elements as standards for calibration were measured by LA-ICP-MS. The squares of the correlation coefficient (R 2 ) of the calibration lines for the 15 elements are listed in Table 2 ; for most of the elements, the calibration lines were successfully obtained using the prepared standards. An example of the calibration line for 56 Fe is shown in Fig. 1 O under the low-mass-resolution condition of mass spectrometry. However, our data show a fine calibration line that was obtained in the medium-resolution mode with a resolution power of 8000 (m/Δm, FWHM). It was shown that the standards for LA-ICP-MS were successfully prepared by the dilution method using MnO2. In this method, an accurate calibration line was obtained from five points, including a zero point (MnO2 only), for the 13 elements listed in Table 2 . A merit of this method is that the maximum range of the calibration line depends on the concentration of JMn1. The limit of detection (LOD) was estimated 17 using the standard deviation and the slope of the calibration lines. In this study, LOD was defined as [3. 3σ]/ [slope of calibration line without correction], where σ is the standard deviation of the peak intensities obtained by the measurement of the MnO2 pellet. Also, the basis of data with asterisks (*, **, and ***) in Table 2 were calculated on data reported by Terashima et al., 18 Cd, a good calibration line could not be defined owing to the low intensities of the peaks of these isotopes. This may be attributed to their isotopic abundances and chemical properties. Further investigations of the instrument conditions are necessary to determine the cause of the discrepancy for these elements.
Treatment for internal standard correction
The major elements in ferromanganese samples have often been used for internal standard corrections to correct for changes in the sample-introduction rate among samples. 7, 8, 12 We thus examined the internal standard correction for all calibration lines obtained for the 14 elements in our experiments. The observed intensities of the objective elements in the standards were corrected as described below:
where Icorr. stands for the corrected peak intensity, Iobj. is observed peak intensity of the objective element, Iinternal std. is the observed peak intensity of the element used as an internal standard, Iinternal std. for 100% of JMn1 is the peak intensity of the element used as an internal standard for 100% of JMn1, and the [dilution factor] is obtained by the relationship between JMn1, and JMn1 and MnO2. For unknown samples, the [Dilution factor] is substituted by a constant value of k, where k is a constant exhibiting the ratio of the concentrations of the element as used below for corrections between the standard and unknown samples; it is defined as below. The value of k is used to correct for any difference between the concentrations of the element used for corrections in the standard and unknown samples: 
Accurate values were obtained by internal-standard corrections in spite of the different amounts of the sample introduced. However, the element used for the correction should be carefully selected. To apply this correction for high-spatial-resolution analysis, an element whose distribution in the ferromanganese nodule is relatively constant would be ideal.
Alkali and alkaline earth metals, such as Na, Mg, K, Ca, and Sr, were considered for the internal standard correction. The residence times of these elements in seawater are relatively long, and they exist in high concentrations. 21 Therefore, the supply of alkali and alkaline earth metals into ferromanganese samples can be regarded as being relatively constant over the entire period. In the case of JMn1 and the Hawaii sample, Mg was used as an internal standard for corrections, the reasons being as follows: it has been reported that the distributions of K, Ca, and Sr are not constant, whereas those of Na and Mg are almost constant in the structure of the ferromanganese nodule collected from the Pacific Ocean (12 -12 40'N, 137 40' -138 50'W). 22 Thus, Na and Mg appear to be appropriate for a correction of a ferromanganese nodule collected from the Pacific Ocean. Furthermore, the blank spectrum without any samples exhibits a high background signal at an m/z of 23 Na (4 × 10 5 cps), and a low background signal (1 × 10 2 cps) at an m/z of 24 Mg, in the medium-resolution mode. For these reasons, 24 Mg was selected for correction, meaning that, a precise determination of the Mg concentration is also required.
The peak intensities of 24 Mg were used for corrections, and the peak intensities of the objective elements were corrected using Eq. (1). The concentrations of Mg in JMn1 and the Hawaii sample obtained by ICP-MS were similar. The concentrations of Mg determined by ICP-MS were both 18 were used for the calculation of concentration. **Reference values reported by Dulski 19 were used for the calculation of concentration. ***The reference value reported by Terashima et al. 20 was used for the calculation of concentration.
2.1 × 10 4 ppm. In the cases of JMn1 and the Hawaii sample, k = 1.0 was used for the corrections.
Calibration lines corrected by internal standardization
In this section, the effect of an internal-standard correction is considered. The calibration lines obtained were all linear. To control the ablation efficiency of each sample, the energy of laser ablation was changed. The fluence of LA was lowered to 0.30 J/cm 2 , and only those standards containing 50 and 100% JMn1 were measured. The standards containing 25 and 75% JMn1 were ablated at the specified fluence (1.01 -1.06 mJ/cm 2 ). A small amount of each sample was subjected to ICP-MS when standards containing 50 and 100% JMn1 were measured. The obtained peak intensities of 56 Fe were corrected using Eq. (1). The observed counts of 56 Fe and the corrected counts were plotted against the reference value, as shown in Figs. 2(a) and  2(b) . Figure 2(a) shows the calibration line without any correction, and Fig. 2(b) shows the calibration line corrected using the peak intensities of 24 Mg. The calibration line in Fig. 2(a) is not linear, in contrast to that in Fig. 1 , because a small amount of the sample was introduced for the standards containing 50 and 100% JMn1. However, the calibration line changed, and became almost linear after the internal standard correction was applied, as shown in Fig. 2(b) . The R 2 value for the calibration line without the correction was 0.951, whereas it was 0.991 after correction. In Fig. 2(b) , the calibration line did not pass through the origin of the coordinate axes, because errors of the calibration points affected the value of the Y-intercept.
For the calibration line obtained after an internal-standard correction, it appears that the value of the Y-intercept is easily affected by errors, particularly at high concentrations. This result indicates that the internal-standard correction by this method was effective for corrections in cases of subjecting a small sample of JMn1 to ICP-MS.
We tried to analyze 15 elements, and the concentrations of 13 elements were obtained by the correction of standards using Eq. (1). For comparisons, the same peak intensities of the uncorrected calibration lines are listed in Table 2 . All standards used for calibration were subjected to LA at the specified fluence (1.01 -1.06 J/cm 2 ). Calibration lines containing four points were obtained, except for the blank (i.e., MnO2 only). 
Comparison of concentration values between LA-ICP-MS and ICP-MS
The concentration of the Hawaii sample was determined by both LA-ICP-MS and ICP-MS to verify the accuracy of the concentration values obtained by LA-ICP-MS. The values determined by the two methods are given in Table 3 . The accuracy of the values obtained by ICP-MS was confirmed by the analysis of JMn1. [18] [19] [20] The 15 elements in the Hawaii sample were examined, and the values for 13 elements were obtained. The concentration of Cr No data 25900 ± 1200 Not determined 52800 ± 5200 13600 ± 700 11200 ± 600 615 ± 36 Not determined 296 ± 33 7.71 ± 0.97 2.14 ± 0.34 68.5 ± 5.6 320 ± 33 3.88 ± 0.47
The random error was estimated as 2 × SE, where SE is the standard error calculated from the standard deviation of the peak intensities obtained in the measurement of the Hawaii sample. The number of samples taken (n) was 20 in LA-ICP-MS analysis and 3 -7 in ICP-MS analysis.
was not determined, since the calibration line for 52 Cr was not defined, as mentioned in the Calibration lines section. As shown in Table 3 The analysis by LA-ICP-MS has the advantage of being able to simultaneously measure 13 elements within 1 min. The measurable amount of the sample and time are restricted in high-spatial-resolution analysis by LA-ICP-MS. A remaining problem is that the precision of the peak intensities obtained by LA-ICP-MS was low compared with that obtained by ICP-MS. To apply this method for high-spatial-resolution analysis, the measurement time per element was set to be short. Therefore, it appears that the integration time and measurement time were insufficient to obtain high-precision data. The balance between the measurement time and the spatial resolution should be taken into account to obtain precise data with an accurate position. Improving the precision is one of the most important problems in LA-ICP-MS analysis.
Conclusion
A preparation method for preparing standards to be used for calibration was developed using a sample dilution method with MnO2. Moreover, calibration lines were successfully obtained by LA-ICP-MS. An unknown ferromanganese nodule sample was examined by both LA-ICP-MS and ICP-MS. The values determined by LA-ICP-MS were in good agreement with those determined by ICP-MS. The concentration values corrected by internal standardization were closer to those obtained by ICP-MS than the uncorrected values, although the element used for the internal standard correction must be determined beforehand. It was shown that the developed concentration method enables us to obtain accurate concentrations for multiple elements, including trace elements, as demonstrated in the cases of JMn1 and the Hawaii sample. The developed concentration method is expected to be applicable to the high-spatial-resolution analysis of ferromanganese nodules.
